Absolute reduction of perchlorate has proven complex owing to the diverse characteristics of the perchlorate ion. Technologies such as chemical reduction, ozone/peroxide, nanofiltration, and reverse osmosis have had limited success, high costs and are not environmentally friendly. A great deal of research and reviews on ion exchange and biodegradation have been carried out, but conditions for optimal biodegradation are not yet well understood. The acceptability of biological treatment of perchlorate has been limited due to challenges such as electron donor availability, which impacts on the environmental sustainability of perchlorate biodegradation, the biomass inventory, secondary contamination of treated water due to contact with micro-organisms between the treatment unit and the final effluent, and the presence of other energetic compounds such as Royal Demolition Explosives and 2,4-dinitroanisole (DNAN) in army PAX 21 production water and other competing electron acceptors such as nitrate and sulfate.
INTRODUCTION
Perchlorate is among the most recently acknowledged group of toxins called endocrine disrupters. It is manufactured as perchloric acid and salts such as ammonium perchlorate, magnesium perchlorate, sodium perchlorate, and potassium perchlorate for use in various processes. These have been significantly introduced into the environment in the form of disinfectants, fertilizers, bleaching agents, blasting agents, herbicides, and rocket propellants. The presence of perchlorate in the environment is detrimental to human health as it can alter hormonal balances and impede human reproduction and development.
Exposure to ammonium perchlorate has been reported to lead to hypothyroidism (Park et al. ; for normal growth and development in fetuses, infants, and young children.
Short-term exposure to high doses may cause eye and skin irritation, coughing, nausea, vomiting, and diarrhea.
Long-term exposure could result in neuro-developmental defects due to decreased thyroid hormones, thyroid hyperplasia resulting from severe/sustained iodine deficiency, and ultimately, growth of tumors due to increased levels of TSH, although tumor growth is a rare occurrence unless in individuals susceptible to disruption of thyroid functions.
Research shows that chlorate and chlorite produced during According to the National Research Council, the main adverse effects of perchlorate ingestion are hormonal imbalances, metabolic sequelae such as decreased metabolic rate and slowing of the function of many organ systems at any age, and abnormal fetus and child development. The model in Figure 1 shows the exposure-dose response continuum considered in the context of biomarkers (classified as measures of exposure, effect, and susceptibility) and level of organization at which toxicity is observed (United States Environmental Protection Agency (US EPA) ).
It should therefore be noted that even at microgram levels, perchlorate causes toxicity to flora and fauna and affects growth, metabolism, and reproduction in humans and animals.
Perchlorate contamination occurs in groundwater, surface water, soil, and drinking water sources. It has also been found in many nutritionally important foods such as dairy and human milk, lettuce and other leafy green vegetables, forage, cereals, cantaloupe, citrus fruits, canned foods, wines, beer, bottled water, and human urine, posing serious public health concerns.
Recent studies on perchlorate pollution status in China indicate widespread contamination. The concentration of perchlorate in sewage sludge, rice, bottled drinking water, and milk in various areas in China was found to be in the range of 0.56-379.9 μg/kg, 0.16-4.88 μg/kg, 0.037-2.013 μg/L, and 0.30-9.1 μg/L, respectively (Shi et al. ) . In the USA, federal and state agencies identified more than 400 sites including California, Utah, Nevada, Texas, Arkansas, Maryland, Massachusetts, Arizona, New York, the districts of Columbia, and two commonwealths where drinking water, surface water, groundwater, and soil were found to be contaminated with perchlorate, affecting drinking water supplies to more than 20 million people (US EPA ). Perchlorate contamination has also been found in other parts of the world such as in Israel, where widespread perchlorate contamination has been found in the 40 m deep vadose zone near an ammonium perchlorate manufacturing plant north of Tel Aviv, above the central part of Israel's coastal aquifer, with peak concentrations of 1,200 mg kg À1 sediment (Gal et al. ) . The ammonium ions initially present in the ground at contaminated sites generally biodegrade over time, whereas the perchlorate ion persists due to its poor reactivity and great solubility and mobility in water. Furthermore, perchlorate compounds and the perchlorate anion do not volatilize from water to air. As a result, perchlorate plumes in groundwater can be extensive. For example, the perchlorate plume at a former safety flare site (the Olin Flare Facility) in Morgan Hill, California, extends more than nine miles (US EPA ).
PERCHLORATE OCCURRENCE AND SOURCES OF CONTAMINATION Natural occurrence
Perchlorate is both a naturally occurring and man-made anion (ClO À 4 ). It occurs naturally, especially in arid regions, and can be found as a natural impurity in nitrate salts used to manufacture nitrate fertilizers. Contamination from military and industrial sources is well documented but up to now natural background levels are not well understood. A number of possible processes through which perchlorate can be naturally formed are being studied. Figure 2 shows some of these processes and possible pathways of perchlorate formation. Highly oxidizing species such as ClO and ClO À 2 can be generated from stable Cl À minerals by the action of UV and from ClO 4 À minerals by the action of cosmic γ and x-rays (Kounaves et al. ) .
Currently, atmospheric formation by photochemical reactions between chloride and ozone and perhaps ultraviolet radiation is the working theory. After atmospheric formation, perchlorate is dissolved in precipitation and returns to the Earth's surface. Atmospheric deposition occurs from rain, washing compounds out of the atmosphere, and the settling out of dry airborne materials, including dust.
In arid environments, where the rate of deposition exceeds the rate of dissolution by ongoing precipitation, perchlorate can be incorporated into certain geologic formations (Orris ), as shown in Figure 3 . The samples deriving from soil-caliche show 100% with perchlorate, and the proportion of halite samples is 44%.
The rate of atmospheric deposition has long been thought to be small, however recent studies show that perchlorate atmospheric deposition rates are about 10 times larger than previously reported (Andraski et al. ) . In this study, atmospheric deposition ClO À 4 flux was 343 mg ha À1 yr À1 , which is approximately 10 times that for published southwestern wet-deposition fluxes. The study further proved that both wet and dry atmospheric depositions are important contributors of perchlorate to the land surface.
The distribution of this naturally occurring ClO À 4 in deserts, arid and semi-arid regions has mainly been related to evaporative concentration and unsaturated transport. Table 1 and serve as confirmation that perchlorate is produced globally and continuously in the Earth's atmosphere, that it typically accumulates in hyper arid areas, and that it does not build up in oceans or other wet environments probably due to microbial reduction.
Anthropogenic sources
Perchlorate is used in a variety of commercial, chemical, and industrial processes. The pervasive contamination of perchlorate arises from its application in a wide range of processes. Salts of chlorate have been used as defoliants, leading to speculation that these could be sources of perchlorate in groundwater (Brown & Gu ) .
Ammonium perchlorate has been used as a primary oxidizer in solid propellants for missiles, munitions, and rockets for many years now because it has a high oxygen content and decomposes to the gaseous phase's products, water, HCI, N 2 , and 0 2 , leaving no residue.
The one disadvantage in its use as an oxidizing agent is that it does not function well in solid fueled rockets after it adsorbs too much water, requiring significant proper disposal and replenishment (Brown & Gu ) . 
When rockets are successfully launched, the intense

Human exposure
Ingestion of contaminated food, milk, and drinking water has been reported to be the primary pathway for human exposure to perchlorate. Other modes of exposure, although minor, include adsorption through the skin and inhalation.
Perchlorate being an inorganic compound and completely ionized in water, the potential for dermal absorption through intact skin is unlikely.
However, the primary pathway for workers in industrial and commercial production facilities or commercial use of perchlorate salts is inhalation of ammonium perchlorate dust. Occupational exposure in ammonium perchlorate production facilities has been shown to be higher than potential exposures from drinking water or food sources (Gibbs et al.
;
Braverman et al. ).
PERCHLORATE DRINKING WATER STANDARDS
The amount of perchlorate safe for humans is an issue of major scientific deliberation. In addition to perchlorate contamination being detected in the United States, China, and
Israel, it has also been detected in Japan's Tome river water- however suggested that the PRG of 24.5 μg/L does not protect infants, who are highly susceptible to neurodevelopmental toxicity and may be more exposed than fetuses to perchlorate. While noting that perchlorate is concentrated in breast milk and that nursing infants could receive daily doses greater than the reference dose if the mother was exposed to 24.5 ppb perchlorate in tap water, the CHPAC recommended the level to be lowered.
In October 2008 the EPA issued an Interim Drinking
Water Health Advisory for perchlorate of 15 ppb and announced a delay on the decision about whether to set a drinking water standard for perchlorate until it received advice from the NRC (US EPA ).
As of 2009, no national drinking water standard for perchlorate had been set. The promulgation of a national primary drinking water regulation for perchlorate has hence proven to be a multi-year process, especially due to economic considerations.
Owing to the EPA's reluctance to set a national drinking water standard for perchlorate, individual states have set their own advisory levels, as shown in Table 2 .
TREATMENT METHODS
Wastewater and drinking water treatment to remove/destroy perchlorate can be achieved by both biotic and abiotic methods. Perchlorate is highly toxic, soluble, relatively stable, and mobile in water. It is also highly soluble in polar organic solvents, slow to react, and ammonium perchlorate has a limited shelf life. Table 3 summarizes the physical and chemical properties of common perchlorate salts.
Perchlorate compounds and the perchlorate anion do not volatilize from water to air. Owing to these properties, most well-known processes have had little success especially with respect to environmental and economic considerations.
Previous reviews on most physical and chemical processes, namely, chemical and electrochemical reduction, adsorption on activated carbon, granular activated carbon (GAC) or metal ions, ion exchange, membrane processes 
In a review, Bardiya & Bae () found that perchlorateladen spent resins with perchlorate 200-500 mg L À1 required regeneration resulting in the production of concentrated brine 6-12% NaCl or caustic waste streams. Further research and subsequent application of selective anion exchange is fortunately progressing well.
Evidence obtained from a growing number of benchscale tests also show the potential effectiveness of phyto- Bench-scale studies have identified the predominant mechanisms of phytoremediation of perchlorate as: (1) uptake and phytodegradation, (2) uptake and phytoaccumulation by some plant species, and (3) rapid rhizodegradation.
As uptake and phytodegradation is a slower process, it poses an ecological risk resulting from the temporal phytoaccumulation of some fraction of the perchlorate being taken up and Perchlorate can be anaerobically biodegraded under reducing conditions. In these reactions, perchlorate serving as an electron acceptor is readily reduced to water, carbon dioxide, and chloride in the presence of an appropriate food source (electron donor) and redox conditions. The initial steps in perchlorate destruction are the reduction of perchlorate to chlorate and subsequently the reduction of chlorate to chlorite (Figure 4 ). These steps are mediated by chlorate reductase and are followed by the dismutation of chlorite into chloride and O 2 , which is catalyzed by a conserved enzyme known as chlorite dismutase ( Figure 5 ). The dismutation of chlorite to chlorine and oxygen is known to be common to all perchlorate-reducing bacteria (PRB). A widely accepted perchlorate-reducing pathway, especially in the use of acetate, a common electron donor, is: Perchlorate degradation to levels needed for drinking water has been achieved using fixed and fluidized bed bioreactors, with most studies conducted in the laboratory.
Biological removal of perchlorate has also been evaluated It was demonstrated that detention times of PBRs can be substantially reduced using the isolate KJ as compared to a mixed culture, but larger concentrations of acetate, an electron donor, are required to reduce perchlorate to the low levels necessary for drinking water. Perchlorate removal to non-detectable levels, according to the study, required a minimum EBCT of only 2.1 min for the column inoculated with KJ, vs. 31 min for the mixed culture column. Acetate was used at a molar ratio of C 2 H 3 O À 2 =ClO À 4 of 2.9 (n ¼ 6) for the mixed culture, while more than twice as much acetate was consumed on average (6.6 ± 2.0, n ¼ 156) by the pure culture (Kim & Logan ) . Figure 6 shows a microscopic view of Wolinella succinogenes HAP 1.
Chlorate reducing bacteria
These can reduce only chlorate but not perchlorate. 
DB
These are not significant players in perchlorate reduction in nature, since perchlorate reduction is not a preferred energyyielding pathway of denitrifiers. Although DB are able to reduce chlorate, the reaction is not coupled with growth.
These bacteria are not likely to grow on chlorate because of the accumulation of toxic chlorite after reduction of the chlorate by the nitrate reductase, which prevents growth. PRB do not utilize other inorganic eÀ acceptors such as sulfite, sulfate, selenate, Mn-IV (except strain GR-1), and Fe-III, and most of the PRB are unable to use organic electron acceptors. Therefore, their presence in the wastewater has minimal or no effect on the rate of biodegradation of perchlorate by the PRB as is the case for nitrate, chlorate, and oxygen.
Examples include
Electron donors
PRB can use a wide variety of organic (ethanol, fatty acids, and vegetable oils) and inorganic eÀ donors (Ju et al. ) .
Acetate is the most commonly used single organic eÀ donor.
Other organic eÀ donors include acetic acid, lactate, pyruvate, casamino acids, fumarate, succinate, methanol, ethanol, fructose, cellobiose, mannose, xylose, pectin, n-alkanes, 1-hexene, and liquefied petroleum gas. The majority of PRB are, however, unable to use carbohydrates, benzoate, catechol, glycerol, citrate, and benzene.
Although ClO À 4 removal has been reported to be successful in studies using organic donors, the organic residual is a concern because it could stimulate bacterial growth in water distribution systems and interfere with chlorination processes, producing disinfection byproducts.
Inorganic electron donors can overcome the disadvantages of organic substrates, and thus are currently the focus of study for biological reduction of ClO 
Nutritional requirements
Microbial organisms responsible for perchlorate reduction need a carbon source just like most micro-organisms. Various substances have been used as carbon sources in biological removal of perchlorate, and the choice of any one carbon source depends on the wastewater characteristics, availability, and the cost implications.
Several PRB require trace metals, molybdenum, iron, and selenium. Lack of vitamins or trace minerals in the growth/isolation medium causes a visible decrease in the degradation rate. Kucharzyk et al. () , in a study on maximizing microbial degradation of perchlorate using a genetic algorithm, noted that in the case of Dechlorosoma sp. strain KJ, when 1 mL/L of trace minerals and 0 mL/L of vitamins were applied the degradation rate was only 7.5 mg/L/min. This may be caused by the lack of microelements, such as molybdenum, which are important for perchlorate degradation (Kucharzyk et al. ) . Protein nutrients such as brewer's yeast, cottonseed protein, or cheese whey and molasses have also been used as nutrient sources (Okeke & Frankenberger ) . Yeast extract has a stimulatory effect on the growth of these bacteria.
These micro-organisms are capable of utilizing various components of the organic matter in wastes generated from agro-industrial processes as a carbon source for growth and for synthesis of cellular biomass as well (Okeke & Frankenberger ) . This would go a long way in reducing the costs of substrate requirements during large-scale wastewater treatment.
FACTORS AFFECTING BIODEGRADATION OF AMMONIUM PERCHLORATE
Several studies on biodegradation of perchlorate have been carried out and reports on isolation of PRB published. However, conditions for optimal performance of the PRB have not yet been well understood. The performance of PRB under electron donor limited conditions, oxygenated conditions, and chemically oxidizing conditions needs extensive research in order to optimize microbial perchlorate reduction. Some of the already studied factors affecting performance of PRB are shown in Figure 7 .
Oxygen
Oxygen hinders perchlorate and chlorate reduction by both pure and mixed cultures because PRB utilize oxygen as an electron donor in preference to perchlorate, as mentioned earlier. This is also applicable to dissolved oxygen levels. In Figure 8 , the NO 3 À surface loading was controlled in each stage and with an equivalent NO 3 À surface loading larger than 0.65 ± 0.04 g N/m 2 -day, the lead MBfR removed about 87 ± 4% of NO 3 and 30 ± 8% of ClO À 4 . This reduced the equivalent surface loading of NO À 3 to 0.34 ± 0.04-0.53 ± 0.03 g N/m 2 -day for the lag MBfR, in which ClO À 4 was reduced to non-detectable levels. SO 2À 4 reduction was eliminated without compromising full ClO À 4 reduction using a higher flow rate that gave an equivalent NO À 3 surface loading of 0.94 ± 0.05 g N/m 2 -day in the lead MBfR and 0.53 ± 0.03 g N/m 2 -day in the lag MBfR. The lead MBfR biofilm was dominated by DB, Dechloromonas, Rubrivivax, and Enterobacter, whose main function was to reduce nitrate, whereas the lag MBfR was dominated by PRB, Sphaerotilus, Rhodocyclaceae, and Rhodobacter, with the main function of perchlorate reduction as nitrate loading being small (Zhao et al. ) . Figure 9 shows the removal of perchlorate in the co-occurrence of nitrate using cell-free bacterial enzymes as biocatalysts.
In this study, crude cell lysates and soluble protein fractions of Azospira oryzae PS, as well as soluble protein fractions encapsulated in lipid and polymer vesicles were used. Perchlorate was removed by the soluble protein fraction at higher rates than nitrate and perchlorate reduction even in the presence of 500-fold excess nitrate (Hutchison et al. ) .
Salinity
Perchlorate reduction is drastically affected at salt concentrations as low as 1%, and is completely inhibited at Owing to the high ionic strength of industrial wastewaters containing high NaCl concentrations, it is very difficult to remove perchlorate as high ionic strength of wastewater has been reported to hinder the perchlorate reduction activity of perchlorate reducers. The inhibitory effects of high ionic strength can be dealt with by (1) diluting the wastewater until the inhibitory effect dissipates and (2) using PRB strains that are tolerant of high ionic strength. However, the dilution process is operation and capital intensive, leaving the use of salt tolerant PRB the more economical option. In a recent study on perchlorate reduction using salt tolerant bacterial consortia, it was found that although the perchlorate reduction rates decreased with increasing NaCl concentration, salt tolerant-PRBl consortia could reduce perchlorate to 75 g-NaCl L À1 (Ryu et al. ).
Temperature
Perchlorate reduction has been reported to occur over a wide range of temperatures (10-40 W C), however, optimal reduction proceeds between 28 and 37 W C. pH Most PRB require a neutral pH of around 6.8-7.2 for growth and optimal perchlorate reduction, although perchlorate The optimal PRB growth for W. succinogenes HAP 1 occurs at a pH of 7.1, whereas the optimal perchlorate reduction rate in a mixed culture occurs at a pH of 7.0. 
CONCLUSION
Perchlorate, being poorly reactive and highly soluble in water, can persist in the environment for long periods of time. Conventional physical and chemical water and wastewater treatment processes are inapplicable for the removal of the perchlorate ion. Treatment options that have been used to remove the perchlorate ion have necessitated additional steps to treat or dispose of the concentrated perchlorate residual waste stream that is generated, leaving biological treatment as the only viable method that can completely remove ClO À 4 from wastewater effluents. To curb challenges limiting wide acceptability of biodegradation, effective biological treatment of perchlorate wastewater in large-scale applications such as army munition production can be achieved through integration of two or more treatment options, such as inclusion of tailored GAC in biological reactors, whose main disadvantage is the long-term need for further treatment of explosive-laden spent carbon or disposal by landfill/ incineration. Biomass inventory and secondary contamination of treated water may be addressed through the integration of ion exchange with a membrane bioreactor as an IEMB system. Electron donor availability and electron competition can be reduced by pretreatment of army PAX-21 production wastewater with ZVI before biodegradation, as ZVI pretreatment breaks energetic compounds into compounds that can be used by PRB as electron donors. ZVI can be combined with Ca 2þ for a more reliable, fast, and effective perchlorate removal efficiency, as the Ca 2þ reacts with OH À delaying the pH increase, hence extending biodegradation time. Electron competitors such as sulfate and nitrate can also be dealt with by using two-staged hydrogen-based MBfR systems and also by using enzyme-based technologies.
However, further research and pilot-scale application on the aforementioned recommendations is a necessity.
